Abstract-In this letter, we present evanescently coupled semiconductor laser arrays designed with a distributed Bragg reflector section for spectrally narrow emission and a combined waveguide section for high optical output powers. These devices were designed and fabricated in the AlGaAs material system with an InGaAsP quantum well providing emission in the 760-770 nm wavelength range. Measurements of the light-current characteristics reveal high optical output powers of 600 mW at 20 • C and 700 mW at 5 • C limited by thermal rollover without any signs of a catastrophic optical mirror damage or rapid power degradation. Spectrally narrow emission of 0.2 nm at −3 dB and a high wavelength stability with a small current tuning coefficient of 0.7 pm/mA were found. Far-field investigations reveal pre-dominant coupling of lowest order in-phase supermode emission without any sections for adjusting the phase of the electrical field vector for adjacent elements.
I. INTRODUCTION

H
IGH optical output power combined with a narrow spectral emission are crucial requirements for numerous applications in medical technology, spectroscopy, free space optical communications, pumping of solid-state lasers or nonlinear optical frequency conversion [1] . External cavity lasers (ECL) consisting of a laser diode and a grating, for example in Littrow configuration, are capable of both providing single mode emission with a linewidth below the MHz level and output powers ranging from several 100 mW up to the Watt level [2] . Holographic volume Bragg gratings have shown improvement in terms of wavelength temperature stability with tuning values of 10 pm/K [3] . However, external cavity setups have distinct disadvantages such as the complexity of the setup, the alignment and vibration sensitivity, a rather large footprint, high cost, as well as a high sensitivity to back reflections and laser noise. The master oscillator power amplifier setup is another solution, capable of multi watt output power levels while maintaining the spectral purity of a seed laser operating at low power levels. A dual wavelength master oscillator power amplifier device was reported by Maiwald et al. with output powers of more than 750 mW at an emission wavelength of 785 nm operating at room temperature [4] . Monolithic concepts such as distributed feedback (DFB) and distributed Bragg reflector (DBR) gratings, commonly used for longitudinal single mode laser diodes, provide more rigid and compact solutions [5] , [6] . The DFB concept was adapted for several types of semiconductor laser sources such as diode lasers, interband cascade lasers and quantum cascade lasers, covering a wide span of wavelengths from the ultraviolet up to the mid infrared [7] . Mode-hop free DFB diode lasers are commonly used today for tunable diode laser spectroscopy. High power DFB laser diodes in the wavelength range presented in this work were reported with more than 200 mW output power in continuous wave (CW) operation [8] . DBR lasers are not mode-hop free but feature less wavelength tuning by current or temperature than lasers with a DFB grating. These stable spectral characteristics combined with a high optical output power are important for applications like Raman spectroscopy. Sumpf et. al reported on a DBR device capable of spectral single-mode emission at 785 nm with an optical output power of more than 200 mW [9] .
A promising approach capable of up-scaling the optical output power emitted within a coherent beam consists of coupling individual modes to coherent supermodes by arranging several ridge waveguides (RWG) with a distinct spacing forming an array [10] . Commonly, such arrays exhibit a multi-lobed farfield distribution in slow axis direction due to a gain profile favoring emission of the highest order supermode. In this letter, we present experimental results obtained from a novel monolithic array device consisting of four waveguide sections for non-uniform longitudinal inter-element wave coupling capable of high power and spectrally narrow supermode emission in the 760-770 nm wavelength range suitable for sensing applications like Raman spectroscopy. A short summary of the theory of evanescent mode coupling between elements as well as the design and fabrication of the device is given in Section II. Electro-optical characteristics for CW operation in terms of light-current curves, spectral and far-field data are shown in Section III. Conclusions are summarized in Section IV.
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II. DESIGN AND FABRICATION
The coupled mode theory predicts the possible formation of N supermodes by coupling of spatial TE-like modes guided by the refractive index profile of N RWGs defined within a parallel geometry [11] . Spatial coherence is defined by a distinct phase shift of the electrical field vectors among adjacent elements for each supermode. The fundamental supermode exhibits no phase shifts of the electrical field vectors resulting in an intensity distribution without nodes in the etched regions between adjacent ridge waveguides. Coherent emission with stable in-phase supermode operation is of eminent interest for high power beam shaping optics due to the need of lateral single-lobe far-field characteristics. Nevertheless, conventional arrays exhibit supermode emission of highest order with a symmetrically shifted multi-lobed far-field. Electrical field vectors are phase shifted by π for each coupled ridge waveguide leading to vanishing intensities at the etched regions of the array. Therefore, the field distribution exhibits an increased overlap with the gain profile provided by the etched ridge waveguides. To achieve coherent supermode emission featuring high optical power output combined with spectrally narrow characteristics, we have designed and fabricated a DBR laser array with four sections, as will be discussed in detail in the following. The presented device has a total cavity length of 2100 μm and consists of four sections processed on an epitaxially grown laser structure and is depicted in Fig. 1 . The laser structure was designed for optical emission in the 760-770 nm wavelength range and consists of an InGaAsP single quantum well active layer which is embedded in a 150 nm thick InGaP waveguide layer as well as p-doped AlGaAs and n-doped InAlGaP cladding layers. Pulsed measurements (1 kHz, 500 ns) of uncoated broad area lasers with different cavity lengths were performed to determine the material characteristics. A trans-parency current density of 155 A/cm 2 and a modal gain coefficient of 12.5 cm −1 were determined. The internal quantum efficiency is 0.9 and the internal losses are 5.7 cm −1 . A schematic top view of the device, showing the array, taper and combined waveguide section (CWS) as well as a DBR section is depicted in Fig. 2 . The array structure is made from 17 individual RWGs and provides evanescent inter-element coupling over a length of 1200 μm. The width w of the RWGs is 1.2 μm and the etch depth y 2 is 1.38 μm to ensure lateral single-mode operation. A lateral refractive index Fig. 2 . The total aperture of the CWS is 51 μm. The array and tapered section as well as the CWS were defined by electron beam lithography. These sections were etched 1.18 μm deep into the p-side cladding layer using a reactive ion-etching process indicated by y 1 in Fig. 1 . In the next step a 500 μm long and 70 μm wide DBR grating structure with a distinct period and duty-cycle was defined by electron beam lithography. All four sections were etched an additional 200 nm into the cladding layer resulting in a total etch depth of the array of 1.38 μm represented by y 2 in Fig. 1 . The residual layer thickness y residual above the waveguide is 170 nm for all sections. The DBR induces a refractive index modulation leading to a spectrally narrow and highly reflective mirror for the coupled supermode. The frequency bandwidth and reflectivity of the DBR photonic stop band predominantly depends on the modulation of the effective refractive index of the mode between DBR grating and passivation. The simulated index modulation is about 0.0005 and the corresponding frequency bandwidth is 0.14 nm, whereas the reflectivity for the DBR stop band is 70 %. All four sections were passivated with a Si 3 N 4 dielectric layer. A contact window on top of the array and tapered sections as well as on the CWS was exposed and etched to apply an electrical contact. A p-contact (A) and an electroplated gold layer (B) were finally applied to the regions indicated in Fig. 2 . After bar cleaving the emission facet was coated with an anti-reflective (AR) Al 2 O 3 layer with a reflectivity of 12 % whereas the back side facet of the DBR and Fabry-Pérot (FP) array was left uncoated. The devices were mounted p-side up on c-mounts for characterization. 
III. EXPERIMENTAL RESULTS
Electro-optical investigations were done by optical power and voltage-current measurements in CW operation at different temperatures. The optical output power emitted from the frontfacet was measured for a FP array without any additional sections and a four section array with a CWS, taper, array and DBR section. Both arrays consist of 17 elements and have a total cavity length of 2100 μm. The corresponding light-current curves are presented in Fig. 3 . The measured voltage-current characteristic of the four section array shows a differential resistance of 0.8 Ohm and a threshold current of 225 mA at 20 • C. Because of the increased current injection area due to the CWS and decreased lateral index step of the shallow etched DBR section resulting in a weak lateral mode confinement, the threshold current is increased by 22 % in contrast to the FP array which exhibits a threshold current of 184 mA. For the FP array an efficiency of 0.4 W/A was measured up to 220 mW at 20 • C. Compared to the FP array the four section array features an increased efficiency of 0.6 W/A at 20 • C due to the incorporated DBR section and the resulting high reflectivity. The maximum reachable optical output power for the four section array at a heat sink temperature of 20 • C is limited at 600 mW due to thermal rollover. An increased heat transfer by mounting the device epi down is expected to improve the optical output power. Decreasing the operating temperature to 5 • C leads to an increase of the threshold current to 250 mA. This effect is caused by a blue shift of the gain with temperature relative to the stop band of the DBR grating which features a very low temperature dependency. This indicates strong coupling of the laser mode at the frequency defined by the grating period on the one hand and the broad gain on the other. At 5 • C an increased optical output power of 700 mW and an efficiency of 0.7 W/A were measured without any sign of degradation or catastrophic optical mirror damage. In principle, the maximum optical output power is significantly higher for arrays with more elements. Moreover, arrays with CWS enable even higher efficiencies and power levels. The lateral mode distribution of several coupled elements decreases the optical power density at the facet increasing the point of maximum achievable output power. The CWS operates as a monolithically integrated amplifier and ends in a facet without any optical losses induced by material damage that may occur due to etching or the passivation in between the elements of the array. The spectral characteristics were measured using a double monochromator optical spectrum analyzer (YOKOGAWA AQ6315A) with a spectral resolution of 50 pm. Measurements of normalized spectra at 20 • C and 200 mW for the FP array as well as for the DBR array are depicted in the inset of Fig. 3 . The maximum of the FP gain is found at 756 nm with a spectral width of 2.1 nm at the −3 dB level. The spectral emission of the DBR array exhibits a strong grating coupling with a side-mode suppression ratio of 42 dB and a spectrally narrow emission of 0.2 nm. The wavelength detuning by electrical current and temperature is shown in Fig. 4 . Between 20 • C and 30 • C average wavelength detuning rates of 0.7 pm/mA, caused by cross section heating of the DBR by the electrical current, were measured. These values allow adjustments of the optical output power within a range of 43 mW. This corresponds to a window of 1 cm −1 that can be used to, for instance, improve a Raman signal without changing the excitation wavelength. DFB laser diodes would require additional recalibration due to typical current tuning values of around 25 pm/mA [12] . Further stabilization of the wavelength during optical power adjustments can be achieved by adjusting the heat sink temperature. The corresponding wavelength detuning by temperature amounts to 57 pm/K. Measured spectra at optical output powers ranging from 100 mW to 400 mW at room temperature are depicted in the inset of Fig. 4 . The side-mode suppression ratio increases from 41 dB to 48 dB. Far-field investigations were performed by measurement of the slow axis divergence and are plotted in Fig. 5 . Images of the corresponding near-field distributions were obtained with a beam profiler and are also shown in Fig. 5 . The observed central single-lobe pattern for low optical output powers of 50 mW indicates in-phase supermode emission. A full width at half maximum (FWHM) value of 5 • as well as a 1/e 2 value of 7.4 • were measured for the slow axis divergence. The used DBR array concept facilitates in-phase supermode operation especially when compared to a DFB array structure, in which additional losses for the in-phase supermode occur due to a significant electrical field overlap with the lateral grating. Furthermore, additional gain in between the RWGs to support in-phase supermode emission is supplied to a certain amount due to non-uniform longitudinal inter-element wave coupling determined by the length ratio of the array and CWS. At higher injection currents and optical output powers of 200 mW and 400 mW a broadening of the slow axis divergence was observed. This effect could be attributed to gain spatial hole burning and thermal gradients resulting in additional side-lobes. As can be seen by the near-field images, the optical intensity is distributed almost over the total width of the facet which is 51 μm. For an optical output power of 400 mW the FWHM value is 16.1 • and the 1/e 2 value is 25.8 • . Nevertheless, the resulting far-field pattern is still characterized by a dominant contribution of the central emission lobe. These results indicate lasing operation with highest modal gain for the lowest order supermode for an array without active segments to adjust the phase of the electrical field vector relatively to adjacent elements. Coupling experiments using a 105 μm multimode fiber with a numerical aperture of 0.29 revealed coupling efficiencies of around 70 % for an injection current of 750 mA.
IV. CONCLUSION
We have fabricated a four section monolithic laser array for non-uniform evanescent wave coupling featuring spectrally narrow emission and demonstrating high optical output powers in the 760-770 nm wavelength range.
To our knowledge, comparable monolithic devices consisting of an array wave-guide and a DBR section have not yet been published in this wavelength range. The presented monolithic device is capable to emit optical output powers of 600-700 mW comparable to MOPAs with a DBR seed laser in this wavelength range. ECLs with a VBG for frequency stabilization exhibit about a factor of two lower optical output powers. The spectral width of our laser array is 0.2 nm while MOPAs and ECLs with a VBG show spectral widths below 0.1 nm. The average wave-length tuning rate by electrical current of 0.7 pm/mA for the laser array is comparable to those of MOPAs and almost as low as that of ECLs with a VBG showing 0.5 pm/mA due to the thermally decoupled VBG. The measured slow axis divergence of the presented laser array shows a central single-lobed emission characteristic dominating the far-field pattern and indicating in-phase supermode operation of the device.
